To maintain ongoing vectorial bile secretion, hepatocytes localize distinct transport systems at their basolateral and canalicular membrane domains. Here we compare the expression of the basolateral Na ؉ -taurocholate cotransporter (Ntcp) and organic anion transporting polypetides 1 and 2 (Oatp1, Oatp2) and the canalicular bile salt export pump 
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To maintain ongoing vectorial bile secretion, hepatocytes localize distinct transport systems at their basolateral and canalicular membrane domains. Here we compare the expression of the basolateral Na ؉ -taurocholate cotransporter (Ntcp) and organic anion transporting polypetides 1 and 2 (Oatp1, Oatp2) and the canalicular bile salt export pump (Bsep) and multidrug resistance-associated protein 2 (Mrp2) in primary cultured rat hepatocytes. During 72 hours of culturing time the messenger RNA (mRNA) and protein levels of Ntcp and Oatp1 decreased in parallel to 2% to 7% of initial values at 3 hours. Although Oatp2 mRNA exhibited a similar down-regulation to 4%, Oatp2 protein and function were maintained at 25% to 47% of initial values. Furthermore, Bsep and Mrp2 protein levels were maintained at about 50%, while the Mrp2 mRNA showed a transient up-regulation to 154% at 24 To maintain ongoing bile formation, differentiated hepatocytes express distinct transport systems at their basolateral (sinusoidal) and canalicular (apical) plasma membrane domains. 1 In rat hepatocytes major basolateral uptake systems include the Na ϩ -taurocholate cotransporting polypeptide (Ntcp, gene symbol: Slc10a1) and the organic anion transporting polypeptides Oatp1 (Slc21a1) and Oatp2 (Slc21a5). 2, 3 While Ntcp mediates Na ϩ -dependent uptake of conjugated bile salts such as taurocholate, Oatp1 and Oatp2 mediate Na ϩ -independent transport of a wide range of organic anions including bile salts, sulfobromophthalein (BSP), sex steroid conjugates, thyroid hormones, anionic peptides, and numerous drugs and other xenobiotic compounds. Among the latter the cardiac glycosides are preferential (ouabain) or even exclusive (digoxin) substrates of Oatp2, whereas the magnetic imaging agent gadoxetate is a preferential low-affinity substrate of Oatp1. 2, 3 A further difference between Oatp1 and Oatp2 is their hepatocellular expression pattern within the hepatic lobule. Hence, while Ntcp and Oatp1 are homogeneously expressed in all hepatocytes, Oatp2 exhibits a preferential expression in centrilobular hepatocytes. 3 The functional significance of this different expression pattern of Oatp1 and Oatp2 is not yet known, but the findings might indicate that Oatp2 represents a back-up system of Oatp1 for complete removal of cholephilic compounds from and/or for hepatocellular efflux of conjugated biotransformation products into portal blood plasma.
The canalicular membrane of hepatocytes localizes an array of ATP-dependent efflux pumps that belong to the ABC (ATP binding cassette) superfamily of membrane transporters. Monovalent conjugated bile salts are secreted into bile canaliculi by the so-called bile salt export pump (Bsep, ABCb11). 4 Within bile canaliculi, bile salts form vesicles and mixed micelles by solubilization of phosphatidylcholine, which is concentrated at the outer leaflet of the canalicular membrane by the phospholipid translocase Mdr2 (ABCb4) (rat hepatocytes) or MDR3 (ABCB4) (human hepatocytes). 5 Non-bile salt organic anions such as bilirubindiglucuronide and glutathione conjugates are excreted into bile by the multidrug resistanceassociated protein Mrp2 (ABCc2). 1 In human liver, missense mutations of the BSEP, MDR3, or MRP2 genes lead to genetic liver disease such as progressive familial intrahepatic cholestasis type 2 (PFIC2), PFIC3, or the Dubin-Johnson syndrome, respectively. 6 Furthermore, various experimental models of cholestasis in the rat (e.g., bile duct ligation and endotoxin-and estrogen-induced cholestasis) have been shown to be associated with down-regulation of Ntcp, Oatp1, Mrp2 and, albeit to a lesser extent, also of Bsep. [7] [8] [9] [10] [11] Similar alterations of transporter expression have also been observed during hepatocyte proliferation after partial hepatectomy. 12, 13 Furthermore, unique lateral expression of Mrp1 (ABCc1) and up-regulation of canalicular Mdr1b have been described in cholestatic and proliferating hepatocytes. [12] [13] [14] [15] [16] These findings indicate that cholestatic hepatocytes acquire a more dedifferentiated transport phenotype as compared with normal hepatocytes.
Dedifferentiation is well known to occur in primary cultured hepatocytes, which dramatically lose many liver-specific properties including Na ϩ -dependent taurocholate uptake activity. 17, 18 The latter has been correlated with decreased expression of Ntcp messenger RNA (mRNA) in rat hepatocytes maintained in primary cultures for 72 hours. 18 In this study, we further investigated the polar transport phenotype of primary cultured rat hepatocytes and compared the expression of Ntcp, Oatp1, Oatp2, Mrp2, and Bsep on the mRNA, protein, and functional levels. The results indicate that hepatocytes acquire a cholestatic transport phenotype during the first 72 hours of culture. Furthermore, the data support the notion that physiologic transporter expression represents a characteristic feature of differentiated hepatocytes and, therefore, can be used as a marker for adaptation of culture conditions to maintain differentiated hepatocytes in primary cultures.
ments (data not shown). Uptakes were terminated after 1 (taurocholate, estrone-3-sulfate) or 10 minutes (ouabain) by aspiration of the transport buffer and rapid rinsing of the cell monolayers 4 times with 3 mL of tracer-free ice-cold transport buffer. This wash procedure removed more than 99% of extracellular tracer with virtually no loss of cell-associated radioactivity and did not damage the hepatocyte monolayers. 20 Nonspecific substrate binding to the cells was determined by short (Ͻ5 seconds) exposure of precooled culture plates (on ice) to the respective ice cold transport buffer (zero time blanks). All uptake measurements were performed in triplicates in at least 3 separate cell preparations. After the final washing step 2 mL of Triton X-100 (1% wt/vol) were added to the culture plates and the cells solubilized at room temperature. One-milliliter aliquots of cell lysates were mixed with 10 mL of liquid scintillation cocktail (Optifluor; Packard Instrument, Meriden, CT) and the cell-associated radioactivity was determined by liquid scintillation counting (Tri-Carb 2200 CA; Packard). Protein contents were determined with the bicinchoninic acid method (Pierce, Rockford, IL) 22 using Triton X-100 at identical concentrations in standards and in samples. The total DNA content per plate was measured by bisbenzimidazole fluorescence (Hoechst Dye 33258). 23 DNA content and protein content changed in parallel over culture time (data not shown).
mRNA Isolation. Total RNA was prepared from cultured hepatocytes as described. 24 Total RNA was resuspended in H 2 O and stored at Ϫ70°C until use. mRNA was isolated from total RNA using the Promega PolyAtract isolation kit (Promega, Madison, WI).
Northern Blot Hybridization. mRNA (1-4 g) was electrophoresed in a 1% agarose-formaldehyde gel and transferred to nylon membranes (Hybond N; Amersham International PLC, Buckinghamshire, UK) by capillary blotting. After ultraviolet crosslinking the blots were prehybridized for 60 minutes at 65°C with Amersham hybridization buffer and probed overnight at 65°C with 2 ϫ 10 6 cpm labeled probe/mL hybridization solution. For Mrp1, the blots were prehybridized for 30 minutes at 65°C in ExpressHyb solution (Clonetech Laboratories, Palo Alto, CA) and probed for 60 minutes at 65°C in ExpressHyb solution. The following probes were used: Ntcp (nucleotides 261-1187), 25 Oatp1 (nucleotides 187-1334), 26 Oatp2 (nucleotides 1-360), 27 Mrp1 (nucleotides 79-306; accession number X96394), Mrp2 (nucleotides 1-680), 28 Bsep (nucleotides 1-500), 4 and human ␤-actin (Clonetech Laboratories). All probes were labeled with the Random Primed Labeling Kit (Boehringer Mannheim, Mannheim, Germany). After hybridization blots were washed twice with 2ϫ sodium saline citrate (SSC)/0.1% (wt/vol) sodium dodecyl sulfate (SDS) at room temperature followed by a 30-minute wash at 65°C with 0.1ϫ SSC/0.1% SDS. For Mrp1, the blots were washed as follows: twice for 5 minutes with 2ϫ SSC/0.05% SDS at room temperature followed by a 15-minute wash at 55°C with 0.1ϫ SSC/0.1% SDS. For rehybridization, the blots were stripped with a boiling 0.1% SDS solution or with the alkaline phosphatase method. Relative abundance of the mRNA levels was determined by densitometric scanning of autoradiograms with a CAMAG TLC Scanner II (CA-MAG, Muttenz, Switzerland) including all transcripts for transporters presenting several mRNAs, since the contribution of the individual transcripts to protein expression is not known. All transporter mRNA levels were normalized to ␤-actin mRNA levels as previously described. 18 As previously reported, 18 expression of ␤-actin was induced with increasing culture time (Fig. 5) .
Isolation of Microsomes. After the indicated culture periods hepatocyte monolayers were washed 3 times with 0.9% (wt/vol) ice-cold NaCl and once with ice-cold 250 mmol/L sucrose. Cells were scraped from plates in 5 mmol/L sucrose (1 mL per plate). Phenylmethylsulfonylfluoride, (1 mmol/L, added from a 200-mmol/L stock solution in ethanol) and antipain/leupeptin (1 g/mL each from 1 mg/mL stock solution in H 2 O) were added and the cells were homogenized by 20 strokes in a 15-mL metal Dounce homogenizer (Kontes, Vineland, NJ) on ice. All further steps were performed at 4°C as described. 29, 30 The homogenate was centrifuged at 900 g av for 10 minutes (SS34 rotor, Du Pont Company, Biotechnology Systems, Wilmington, DE) followed by 10,000 g av for 20 minutes. The result-ing postmitochondrial supernatant was centrifuged at 100,000 g av for 60 minutes (TFT65.13 rotor; Kontron Instruments, Zü rich, Switzerland). The microsomal pellet was resuspended in a small volume of 250 mmol/L sucrose and stored frozen in liquid nitrogen until use.
Western Blot Analysis. Microsomes were subjected to SDS polyacrylamide gel electrophoresis and Western blotting as described. 31, 32 The Western blots were probed with appropriately diluted rabbit antibodies against Ntcp, 33 Oatp1, 9, 34 Oatp2, 3 Mrp2, 35 or Bsep 4 and monoclonal antibody MRPr1 against MRP1/Mrp1 (Alexis, Läufelfingen, Switzerland) in conjunction with a rabbit anti-rat IgG antibody (Cappel, Westchester, PA). Bound antibodies were visualized with iodinated protein A and subsequent autoradiography. Preliminary experiments showed a linear relationship between the autoradiographic signal and the amount of protein applied onto the gels (data not shown). Comparison of transporter expression levels was performed by densitometric analysis of the autoradiographs with a CAMAG TLC Scanner II.
RESULTS
We first reevaluated the time course of expression of the basolateral Na ϩ -dependent taurocholate uptake system Ntcp in primary cultured hepatocytes. As illustrated in Fig. 1 , Ntcp mRNA and Ntcp protein levels showed a marked decrease in cultured hepatocytes. Based on densitometric analysis of the Northern and Western blots (n ϭ 5) the relative mRNA and protein expression levels as compared with the initial 3-hour value (ϭ100%) were 27% (mRNA) and 48% (protein) at 24 hours, 11% and 14% at 48 hours, and 2% and 5% at 72 hours of culture time (Fig. 1B) . Also, functional taurocholate uptake activity in the presence of a physiologic out-to-in Na ϩ -gradient decreased to a similar extent as previously described (Fig.  1B) , 18 thus supporting the concept that initial uptake rates can replace the determination of V max values 18 for adequate comparison with protein expression levels. However, it should be realized, that the taurocholate uptake function was relatively better preserved at 48 (32% of the 3-hour value) and 72 (15%) hours as compared with the Ntcp protein expression levels (Fig. 1B) . This discrepancy between functional taurocholate uptake activity and Ntcp protein expression could be explained by the additional contribution of Oatp1 and/or Oatp2 to overall hepatocellular taurocholate uptake.
As illustrated in Fig. 2 , Oatp1 showed a similar time-dependent decrease in expression and function as Ntcp (n ϭ 3). Thus, in comparison with the initial 3-hour value (ϭ100%) Oatp1 mRNA and Oatp1 protein decreased to 24% and 61%, respectively, at 24, 11% and 18% at 48, and 3% and 7% at 72 hours of culture time (Fig. 2B) . These decreases in mRNA and protein expression levels were also associated with decreasing Na ϩ -independent uptake activities for taurocholate and estrone-3-sulfate, which both represent typical transport substrates of Oatp1. 3 However, at 48 and 72 hours of culture times the relative functional uptake activities were still significantly higher (taurocholate, 56% at 48 and 37% at 72 hours; estrone-3-sulfate, 47% at 48 and 29% at 72 hours) than the corresponding expression levels of Oatp1 protein (Fig. 2B) . These data indicate that Oatp2 rather than Oatp1 might be responsible for the relatively good preservation of Na ϩ -independent taurocholate and estrone-3-sulfate uptake activities in primary cultured hepatocytes.
Expression and function of Oatp2 during hepatocyte culturing are illustrated in Fig. 3 . While Oatp2-mRNA was also rapidly down-regulated to 26% (100% ϭ 3-hour value), 19% and 4% at 24, 48 and 72 hours of culture times, respectively, relative Oatp2 protein expression was considerably better maintained in the cultured hepatocytes (Fig. 3A) . Semiquantitation of the Western blots by densitometry (n ϭ 3) gave relative Oatp2 protein expression values of 97% at 24, 49% at 48, and 47% at 72 hours of culture times (Fig. 3B) . Furthermore, Oatp2 protein expression levels corresponded well with the relatively good preservation of Na ϩ -independent taurocholate, estrone-3-sulfate and ouabain uptake activities at 48 and 72 hours of culture times (Fig. 3B) . Ouabain was included in these studies since it exhibits an approximately 4-to 7-fold higher affinity for Oatp2 (K m value: 0.47 mmol/L) as compared with Oatp1 (K m values: 1.7-3.0 mmol/L). 3 Hence, at a concentration of 0.1 mmol/L hepatocellular ouabain uptake should be mediated primarily by Oatp2. This assumption was supported by the good correlation between ouabain uptake activities and Oatp2 protein expression levels at all culture periods (e.g., 24 -hour values in Fig. 3B ). These results show that maintenance of Oatp2 protein expression can explain the gaps between preserved substrate uptake activities and decreased transporter protein expressions in Figs. 1 and 2 . Furthermore, the data support the notion that Oatp2 represents an important "backup" organic anion and drug transport system in rat liver, 3 which might be especially preserved under pathophysiologic conditions where other transporters are down-regulated such as for example in cholestatic liver disease.
Next, we analyzed the expression levels of the canalicular ABC transporters Bsep and Mrp2 in the cultured hepatocytes. As illustrated in Fig. 4 , expression of canalicular Bsep and Mrp2 was better maintained in primary cultured hepatocytes as compared with the basolateral transporters. In comparison with the 3-hour values (ϭ100%), Bsep mRNA and protein levels (n ϭ 3) were 114% and 89%, respectively, at 24, 55% and 66% at 48, and 13% and 50% at 72 hours of culture time.
The corresponding values for Mrp2 (n ϭ 4) were 154% and 58% at 24, 154% and 64% at 48, and 48% and 52% at 72 hours of culture time. Thus, there was a transient induction of Mrp2 mRNA levels despite a decrease of Mrp2 protein indicating the involvement of a posttranslational mechanism in the downregulation of Mrp2 protein expression in cultured hepatocytes. These data indicate that expression of basolateral and canalicular transporters is differentially regulated, and that, similar to cholestatic hepatocytes, expression of canalicular transporters is preferentially maintained in primary cultured hepatocytes. Finally, the expression of Mrp1, a basolateral ABC transporter induced in cholestatic and proliferating hepatocytes, [12] [13] [14] [15] [16] was determined. At 3 hours of culture time, no Mrp1 mRNA was present, whereas Mrp1 protein was barely if at all detectable (Fig. 5) . After 24 hours of culture time, both Mrp1 mRNA and Mrp1 protein were induced and could readily be visualized (Fig. 5) . This induction continued up to 72 hours (3.2-fold for mRNA and 3.5 for protein relative to 24 hours) (Fig. 5) . This induction of Mrp1 is compatible with a cholestatic phenotype of primary cultured hepatocytes.
DISCUSSION
The present study characterizes the time course of expression of six hepatocellular bile salt and organic anion transporters on the mRNA, protein, and functional levels in primary cultured rat hepatocytes. The results indicate an increasing and time-dependent loss of the physiologic transport polarity in cultured hepatocytes. Most extensive downregulations were observed for the basolateral transporters Ntcp and Oatp1, which both decreased below 10% of initial (3 hours) values after 72 hours of culture times (Figs. 1 and 2) . In contrast, Oatp2 protein expression was maintained Ն45% of initial (3 hours) values at all culture times (Fig. 3) . This continued Oatp2 expression accounted for the major proportion of amphipathic substrate uptake at late culture times indicating that Oatp2 might represent the dominant bile salt and organic anion uptake pathway in primary cultured hepatocytes. Similar maintenance of protein and even transient induction of mRNA expression was observed for the canalicular transporters Bsep and Mrp2 (Fig. 4) . Finally, the basolateral ABC transporter Mrp1 was induced in primary cultured rat hepatocytes.
The data on Ntcp down-regulation in primary cultured hepatocytes confirm and extend the earlier study by Liang et al. 18 Most importantly, the present study shows that partial preservation of taurocholate and organic anion uptake activities in primary cultured hepatocytes is caused by preferential maintenance of Oatp2 protein expression (Fig. 3) . It should be realized, however, that the absolute amounts of taurocholate uptake activity in 3-hour cultured hepatocytes was predominantly mediated by Ntcp (215 Ϯ 7 pmol/mg protein ϫ min; legend to Fig. 1 ) and only to approximately 10% by Oatp1 and Oatp2 (23 Ϯ 7 pmol/mg protein ϫ min; legend to Figs. 2 and 3) . Therefore, down-regulation of Ntcp expression has the greatest impact on the decrease of overall taurocholate uptake in primary cultured hepatocytes, which supports the concept that Ntcp is the major bile salt uptake system of mammalian liver. 36 In contrast, uptake of non-bile salt organic anions such as estrone-3-sulfate, which is a common substrate of Oatp1 and Oatp2, 3 more closely followed the expression pattern of Oatp2 (Fig. 3) as compared with Oatp1 (Fig. 2) , thus supporting the notion that Oatp2 can function as a backup system for hepatocellular uptake of common Oatp1 and Oatp2 substrates under various physiologic and pathophysiologic conditions. 3 Furthermore, for preferential or even exclusive Oatp2 substrates such as ouabain and digoxin, respectively, 3 relative maintenance of Oatp2 protein expression was associated with a similar preservation of functional substrate (ouabain) uptake in primary hepatocytes cultured for 72 hours (Fig. 3) . These results show that the determination of the exact substrate specificity of each transport system is important for an adequate prediction of the consequences of altered carrier expression on overall organic anion and drug clearance by the mammalian liver.
Although Ntcp and Oatp1 expression decreased in parallel at the mRNA and protein levels during increasing culture times, expression of Oatp2 protein was better maintained as compared with Oatp2 mRNA (Fig. 3) . Hence, while transcriptional and/or posttranscriptional expression of mRNAs was decreased to similar extents for all 3 basolateral uptake systems, an additional posttranslational regulatory mechanism appears to be involved in the partial preservation of Oatp2 protein expression. The latter mechanism as well as the turnover or half-life of the Oatp2 protein remain to be investigated. The same is also true for mRNA and protein expression levels of the canalicular export pumps Bsep and Mrp2 (Fig. 4) . In contrast to the basolateral uptake systems, however, canalicular Bsep and Mrp2 expression were markedly down-regulated only at late culturing times, and their protein expression was maintained Ն50% even after 72 hours of hepatocyte culturing. Furthermore, Mrp2 mRNA was even increased to 154% at 24 and 48 hours and decreased only afterwards in parallel with Mrp2 protein levels (Fig. 4) . This pattern of a more extensive down-regulation of basolateral bile salt and organic anion uptake systems and a relative better preservation of canalicular excretory systems is reminiscent of the situation in vivo during experimental cholestasis [7] [8] [9] [10] [11] and after partial hepatectomy. 12, 13 Hence, induction of cholestasis in the rat by bile duct ligation or endotoxin or ethinylestradiol treatment was uniformly associated with a decreased expression of Ntcp, Oatp1, and Mrp2, 7-10,15,37 although Mrp2 mRNA did not change during ethinylestradiol-induced cholestasis. 10 In contrast, and similar to primary cultured hepatocytes (Fig.  4) , Bsep expression persisted at the canalicular membrane of cholestatic rats. 11 Furthermore, and again similar to cultured hepatocytes, Ntcp and Oatp1 protein expression levels decreased markedly after partial hepatectomy, whereas Oatp2, Bsep, and Mrp2 expression levels were relatively maintained or even increased during liver regeneration. [11] [12] [13] It should be noted that recent evidence showed an up-regulation of Mrp2 38, 39 and Bsep 39 by dexamethasone in primary cultured rat hepatocytes. Hence, the presence of dexamethasone in the culture system used may reinforce the action of putative stress responses in primary cultured hepatocytes. These similarities between transporter expression in in vivo models of cholestasis and liver regeneration on the one hand and in primary cultured hepatocytes on the other hand indicate that (1) primary cultured hepatocytes acquire a cholestatic transporter expression phenotype, and (2) a cholestatic transporter expression phenotype is a characteristic feature of dedifferentiated and proliferating hepatocytes. This assumption is further supported by induction of Mrp1 in cultured rat hepatocytes and by the recent observations of a switch in expression from the canalicular Mrp2 to the basolateral Mrp1 in both cholestatic 15 and proliferating cultured hepatocytes. 16 Thus, maintenance or regain of the physiologic transporter expression could serve as an ideal marker to improve the conditions for culturing differentiated hepatocytes in vitro. This suggestion has been supported recently, at least in part, for Ntcp and Bsep by culturing of adult rat hepatocytes in a collagen sandwich configuration. 40, 41 However, further studies with simultaneous evaluation of all major hepatocellular bile salt and organic anion transporters, including the recently identified rat liver Oatp4 42 and Mrp6, 35 are required to more exactly delineate the relationship between polar transporter expression and the differentiation state of primary cultured hepatocytes. These studies should also include culturing of hepatic stem cells under various conditions 43, 44 to define the potential and conditions required for their development into transport competent differentiated hepatocytes in vitro.
In conclusion, our study shows differential preservation of the expression of the basolateral transporters Ntcp, Oatp1, Oatp2, and Mrp1 and the canalicular transporters Bsep and Mrp2 in primary cultured rat hepatocytes. The results indicate that hepatocyte dedifferentiation is associated with the acquisition of a cholestatic phenotype of transporter expression and that the physiologic bile salt and organic anion transport activity represents a suitable differentiation marker for primary cultured hepatocytes.
